INTRODUCTION
============

Myo-inositol, a glucose isomer with one axial and five equatorial hydroxyl groups, is a key nutrient in the human diet ([@b31-molce-40-5-315]). Fatty acyl modifications to cellular inositol partition it into two biochemically distinct pools: membrane lipid phosphatidylinositol (PI) and water-soluble inositol phosphate (IP). Inositol 1,4,5-trisphosphate (IP~3~), one of the most well-known inositol-derived metabolites, is a second messenger that mediates cytosolic calcium release from the endoplasmic reticulum ([@b9-molce-40-5-315]; [@b69-molce-40-5-315]). IP~3~ is synthesized by the hydrolysis of phosphatidylinositol 4,5-bisphosphates (PIP~2~) upon growth factor stimulation and by the activation of phospholipases. Further investigation of the metabolic fate of IP~3~ revealed the family of enzymes known as the inositol phosphate kinases. Their phosphorylation of the inositol ring at its different hydroxyl groups generates higher inositol polyphosphates, which include the inositol pyrophosphates IP~7~ and IP~8~. These harbor diphosphate groups containing one or more high energy pyrophosphate bonds. These inositol poly- and pyrophosphates have recently drawn significant attention for their regulatory roles in major cellular signaling events like growth and apoptosis ([@b15-molce-40-5-315]). In this review, we will focus particularly on recent breakthroughs in inositol polyphosphate multikinase (IPMK)-mediated signaling.

A ROLE OF IPMK IN INOSITOL PHOSPHATE METABOLISM
===============================================

IPMK was initially cloned as Arg82 from yeast as a regulator of arginine-responsive transcription, but we now refer to it as Ipk2 or yeast IPMK ([@b7-molce-40-5-315]; [@b27-molce-40-5-315]). In 1999, Snyder and his colleagues discovered that IPMK is essential for the synthesis of IP~4~ (both Ins(1,3,4,5)P~4~ and Ins(1,4,5,6)P~4~) and IP~5~ (Ins(1,3,4,5,6)P~5~) ([@b53-molce-40-5-315]; [@b61-molce-40-5-315]) ([Fig. 1](#f1-molce-40-5-315){ref-type="fig"}). IPMK is highly conserved and is the only enzyme capable of generating IP~5~ from IP~4~. Its inositol 6-kinase activity also makes IPMK particularly unique and indispensable in inositol polyphosphate biosynthesis. In yeast, the kinase activity of IPMK also regulates the activities of the chromatin remodeling SWI/SNF and Ino80 complexes in response to phosphate availability ([@b66-molce-40-5-315]; [@b68-molce-40-5-315]).

Genetic deletion of IPMK in mouse embryonic fibroblasts (MEFs) eliminates IP~5~ and the higher phosphorylated inositol phosphates IP~6~ and IP~7~ ([@b25-molce-40-5-315]). In addition to its inositol phosphate kinase activity, IPMK acts as a phosphoinositide kinase; it can produce phosphatidylinositol 3,4,5-trisphosphate (PIP~3~) by phosphorylating PIP~2~ at the 3 position ([@b60-molce-40-5-315]). In response to growth stimuli such as serum or growth factors, IPMK-deficient MEFs show a 50% reduction in PIP~3~ as well as significantly reduced PIP~3~-dependent Akt phosphorylation. These suggest IPMK acts as a physiological PI3-kinase ([@b48-molce-40-5-315]).

IPMK-DEPENDENT INOSITOL POLYPHOSPHATES AS CELL SIGNALS
======================================================

Studies focused on the actions of IP~3~ in controlling cytosolic calcium levels have established the different water-soluble IPs as signaling messengers that mediate diverse cellular processes such as growth ([@b15-molce-40-5-315]). Of those IPs, Ins(1,4,5,6)P~4~ and Ins(1,3,4,5,6)P~5~ are produced only via the inositol 6-kinase activity of IPMK ([@b44-molce-40-5-315]). IPs are structurally similar to the head groups of phosphoinositides and are capable of binding specifically to the PH (pleckstrin homology) domains of various signaling proteins such as Akt/PKB ([@b59-molce-40-5-315]). The exogenous supply of IPMK products like Ins(1,4,5,6)P~4~ can suppress human cancer cell growth by inhibiting activation of Akt/PKB ([@b34-molce-40-5-315]; [@b55-molce-40-5-315]; [@b59-molce-40-5-315]). Ins(1,4,5,6)P~4~ also plays an unexpected role in the regulation of histone deacetylase 3 (HDAC3). Ins(1,4,5,6)P~4~ was found to bind tightly to the highly basic interface between HDAC3 and the SMRT-DAD domain when they form a complex ([@b72-molce-40-5-315]). Ins(1,4,5,6)P~4~ is actually essential for HDAC3 deacetylase activity---HDAC3 loses its activity in the absence of Ins(1,4,5,6)P~4~, and its activity is restored upon addition of exogenous Ins(1,4,5,6)P~4~ ([@b52-molce-40-5-315]; [@b73-molce-40-5-315]). In addition, the incubation of Ins(1,4,5,6)P~4~ with other HDAC isoforms such as the HDAC1-MTA1 complex significantly stimulates their histone acetylase activity. Since IPMK is the only enzyme capable of synthesizing Ins(1,4,5,6)P~4~ from Ins(1,4,5)P~3~, it is reasonable to speculate that IPMK acts as the primary point of control over class I HDACs in mammalian cells. Ins(1,3,4,5,6)P~5~, which is also produced by IPMK, is important in Wnt/β-catenin signaling for triggering the translocation of β-catenin to the nucleus ([@b26-molce-40-5-315]; [@b71-molce-40-5-315]). In fact, full activation of the Wnt pathway seems to require Ins(1,3,4,5,6)P~5~, because upon Wnt stimulation, IPMK is recruited to the plasma membrane via its interaction with Dishevelled-3 ([@b71-molce-40-5-315]). Another recent report defining the role IPMK plays in promoting phospholipase Cβ1-dependent myogenic differentiation in C2C12 cells further corroborates the physiological significance of IPMK's catalytic activity in controlling β-catenin activation ([@b57-molce-40-5-315]; [@b58-molce-40-5-315]).

IPMK ACTS AS A PI3-KINASE
=========================

IPMK is a promiscuous kinase, being unusually flexible in its specificity for inositol substrates. IPMK can function as a nuclear PI3-kinase, specifically generating PIP~3~ from PIP~2\ (~[@b48-molce-40-5-315]; [@b60-molce-40-5-315]). The importance of IPMK's PI3-kinase function was recently highlighted in a study of Huntington's disease (HD), a neurodegenerative disorder characterized by motor abnormalities and caused by an expansion of glutamine repeats in mutant huntingtin (mHtt). Although Akt deficits have been well-documented in the striatum and lymphoblasts of HD patients ([@b19-molce-40-5-315]), in 2015, Ahmed et al. found severely reduced levels of IPMK in the striatum of HD patients and HD animal models that was linked to subsequent reductions in Akt phosphorylation ([@b1-molce-40-5-315]). In normal striatal cells, the transcription factor COUP-TF-interacting protein 2 (Ctip2), enhances IPMK expression. In HD striatal cells, mHtt inhibits the transcriptional activity of Ctip2, thereby, reducing IPMK expression. Moreover, IPMK's interaction with mHtt disrupts its stability. Overall, the reduced levels of IPMK protein in striatal neurons overexpressing mHtt lead to hypoactivation of Akt. This subsequently contributes to reduced activity in key neuroprotective signaling pathways.

In addition to IPMK's role in coordinating with the p85/p110 PI3-kinase for full activation of Akt, IPMK-dependent synthesis of PIP~3~ has been observed inside the nucleus. Steroidogenic factor 1 (SF-1; also known as NR5A1) is a nuclear receptor that interacts with PIP~2~ to control the expression levels of steroidogenic enzymes and peptide hormones ([@b54-molce-40-5-315]; [@b63-molce-40-5-315]). IPMK interacts directly with the SF-1--PIP~2~ complex and phosphorylates PIP~2~, converting it to PIP~3~. This is why IPMK depletion reduces SF-1 target gene induction ([@b10-molce-40-5-315]; [@b11-molce-40-5-315]; [@b49-molce-40-5-315]). Because SF-1--PIP~2~ is not phosphorylated by the classical PI3-kinase (e.g., p110 PI3-kinase), they cannot compensate for the loss of IPMK. In other words, SF-1--dependent transcriptional activation requires IPMK-dependent PIP~3~ production.

In addition to its function in SF-1--dependent transcriptional control, IPMK also functions in the export of mRNA from the nucleus to the cytoplasm ([@b14-molce-40-5-315]; [@b39-molce-40-5-315]). An interaction between the mRNA export factor ALY and PIP~3~ has long been thought to regulate the subcellular localization of ALY. This, in turn, mediates the release of nuclear mRNAs from the nuclear speckle domain into the cytosol. In the absence of IPMK, ALY no longer binds the RAD51 3′UTR---an event that is critical for the export of target mRNAs into the cytosol. Importantly, exogenous PIP~3~ rescues the interaction between ALY and the RAD51 3′UTR in IPMK-depleted cell extracts. Functionally speaking, IPMK deficiency reduces DNA damage responses because these responses require the nuclear export of mRNAs encoding proteins like RAD51 and BRCA1 ([@b74-molce-40-5-315]). Thus, IPMK, in its role as a PI3-kinase, regulates transcript-selective mRNA export by controlling the levels of nuclear PIP~3~.

NON-CATALYTIC FUNCTIONS OF IPMK
===============================

Through its physical interactions with various target proteins, IPMK can also regulate cellular signaling in non-catalytic ways. IPMK's maintenance of the integrity of mTOR complex 1 (mTORC1) was the first of these non-catalytic functions to be identified ([@b37-molce-40-5-315]). mTOR is a protein kinase that interacts with raptor to form the mTORC1 complex, which itself is activated by amino acids ([@b62-molce-40-5-315]; [@b81-molce-40-5-315]). Genetic depletion of IPMK in MEFs reduces amino acid-stimulated mTOR activation and disrupts the stability of the mTOR-raptor complex. Because catalytically-inactive IPMK activates mTORC1 just as efficiently as wild-type IPMK ([@b36-molce-40-5-315]; [@b37-molce-40-5-315]), IPMK likely modulates amino acid-dependent mTORC1 signaling by acting as an mTORC1 co-factor rather than as a kinase.

IPMK also binds the energy-sensing protein kinase AMPK in the cytoplasm. AMPK is a heterotrimeric kinase comprising a catalytic subunit (α) and two regulatory (β, γ) subunits ([@b28-molce-40-5-315]; [@b64-molce-40-5-315]; [@b75-molce-40-5-315]). The AMP and ADP-bound forms of the AMPK γ subunit promote phosphorylation, while its ATP-bound form inhibits phosphorylation. AMPK activity is also regulated by the upstream kinase liver kinase B1 (LKB1) ([@b3-molce-40-5-315]). In the presence of AMP (i.e., in the low energy state), LKB1 constitutively phosphorylates AMPK. In 2012, Bang et al. reported the dynamic regulation of IPMK mRNA and protein levels in the mouse hypothalamus according to the feeding status of the animal ([@b4-molce-40-5-315]). IPMK was discovered to dynamically regulate AMPK in response to glucose levels. IPMK-deficient MEFs show increased AMPK phosphorylation in low glucose conditions. During glucose depravation, IPMK dissociates from AMPK, allowing upstream kinase LKB1 enough access to phosphorylate AMPK. Interestingly, IPMK also directly interacts with LKB1 to mediate the metformin-induced activation of AMPK. Disruption of the LKB1-IPMK interaction via a dominant-negative peptide was discovered to attenuate metformin-induced AMPK activation ([@b5-molce-40-5-315]).

Recently, [@b40-molce-40-5-315] revealed IPMK as an important regulator of Toll-like receptor (TLR) signaling in myeloid cells like macrophages. As microbial sensors, the TLRs are responsible for activating host defense systems in response to invading pathogens ([@b2-molce-40-5-315]; [@b43-molce-40-5-315]). TLR activation in immune cells triggers the production of pro-inflammatory cytokines that help protect the host from pathogens ([@b41-molce-40-5-315]; [@b46-molce-40-5-315]). The uncontrolled production of cytokines, however, can lead the host's immune system to attack itself. TRAF6 is a E3 ubiquitin ligase that activates TLR downstream effectors such as IκB kinase, mitogen-activated protein kinase, and NFκB ([@b22-molce-40-5-315]; [@b42-molce-40-5-315]). Independent of its catalytic activity, IPMK regulates TLR-induced inflammatory cytokine production by controlling TRAF6 protein stability. It does so by interacting directly with TRAF6 and preventing its K48-linked ubiquitination. In the absence of this interaction, ubiquitinated TRAF6 is degraded by the proteasome ([@b30-molce-40-5-315]; [@b56-molce-40-5-315]). Thus, myeloid cell-specific IPMK deletion in mice reduces excessive inflammation thereby protecting mice against polymicrobial sepsis and endotoxemic shock. Together, these findings suggest IPMK is a cytoplasmic signaling hub that coordinates cellular growth, energy metabolism, and inflammatory signaling networks.

Since IPMK was discovered as an essential regulator of arginine-responsive transcription in yeast, many studies have focused on identifying nuclear functions for mammalian IPMK ([@b24-molce-40-5-315]; [@b53-molce-40-5-315]). Just as Ipk2 binds and stabilizes the transcription factor MCM1 in budding yeast ([@b8-molce-40-5-315]; [@b17-molce-40-5-315]; [@b51-molce-40-5-315]), IPMK binds the mammalian ortholog of MCM1, serum response factor (SRF) ([@b38-molce-40-5-315], [@b39-molce-40-5-315]). SRF is a transcription factor in mammals that is essential for the induction of a wide range of immediate early genes (IEGs) like *c-jun* and *c-fos*, which are rapidly induced in response to various stimuli like serum ([@b29-molce-40-5-315]). IPMK-deficient MEFs show reduced SRF target gene expression and protein levels in response to serum stimulation ([@b18-molce-40-5-315]; [@b21-molce-40-5-315]; [@b32-molce-40-5-315]; [@b33-molce-40-5-315]). The fact that overexpression of either wild-type or catalytically inactive IPMK in IPMK-deficient MEFs restores SRF target gene expression suggests IPMK regulates SRF and its transcriptional activity in a non-catalytic manner. SRF shows reduced binding to the promoter serum response element (SRE) in the absence of IPMK, suggesting IPMK helps maintain stable interactions between SRF and its target promoters. These findings extend beyond cultured cells, as mice whose excitatory neurons lack IPMK also show reduced SRF-SRE binding and fail to induce IEG expression. IPMK's role as a key transcriptional co-activator of neural IEG expression was further expanded when IPMK was identified as a CREB-binding protein (CBP) ([@b77-molce-40-5-315]). Histone acetyltransferase CBP is an epigenetic regulator essential for the induction of IEGs in synaptic plasticity and SRF's regulation of cognition ([@b6-molce-40-5-315]; [@b12-molce-40-5-315]; [@b35-molce-40-5-315]; [@b50-molce-40-5-315]; [@b67-molce-40-5-315]; [@b79-molce-40-5-315]). The interaction between IPMK and CBP seems to be dynamically induced by neuronal stimulation. Mechanistically, IPMK is a key factor in recruiting CBP to the promoters of IEGs. As with IPMK-SRF regulation, the expression of a catalytically inactive IPMK mutant can rescue the phenotypes associated with CBP dysfunction in IPMK-null neurons, confirming that this function for nuclear IPMK is a non-catalytic one.

IPMK was also identified as a potential regulator of p53 in a loss-of-function screen designed to identify genes required for p53-dependent oncogene-induced senescence ([@b23-molce-40-5-315]). p53 is a well-known tumor suppressor that senses diverse stress signals and regulates gene expression to cause cell cycle arrest, cellular senescence, and apoptosis ([@b13-molce-40-5-315]; [@b16-molce-40-5-315]; [@b20-molce-40-5-315]; [@b70-molce-40-5-315]). IPMK regulates p53-dependent gene expression (e.g., PUMA, Bax, and p21) via direct protein-protein interactions ([@b76-molce-40-5-315]; [@b78-molce-40-5-315]). IPMK non-catalytically stimulates p53's transcriptional activity by recruiting the histone acetyl transferase p300 to acetylate both the p53 promoter and its associated histones.

CONCLUSIONS
===========

A growing body of compelling evidence implicates IPMK as a multifunctional regulator of cellular signaling networks in mammals. The development of a variety of tissue-specific IPMK knockout mouse models will undoubtedly uncover new dimensions to the IPMK-dependent control of cellular signaling, but even the known functions of IPMK are still not fully understood in mechanistic detail. For example, what is the molecular switch that shifts IPMK's function among its many catalytic specificities? In other words, what molecular changes determine when IPMK acts as a PI3-kinase, an inositol 3-kinase, or an inositol 6-kinase? As Akt and synaptotagmin are known to bind IP~7~ with high-affinity, it is likely that IP~5~ and the other IPMK-dependent products also have cognate binding partners ([@b45-molce-40-5-315]). What are these binding partners? Moreover, the biochemical relationship between the PI3-kinase activities of IPMK and the more classical p85/p110-PI3K also awaits further investigation.

Recently, human IPMK has been associated with specific pathophysiological phenomena. A germ line mutation in IPMK was discovered among familial small intestinal carcinoid patients ([@b65-molce-40-5-315]). In these patients, the inheritance of a truncated IPMK allele is associated with reduced p53 signaling. This suggests a role for IPMK in suppressing intestinal epithelial tumorigenesis. In addition, the tumor suppressor miR-18a was recently found to downregulate IPMK mRNA levels, thereby contributing to the inhibition of ovarian tumor growth ([@b47-molce-40-5-315]). Thus, a further dissection of the roles IPMK plays in regulating the different types of cancer will be both interesting and important. The IPMK gene has also been identified in genome-wide association studies of Alzheimer disease and immune-mediated diseases, suggesting a potential role for IPMK in the pathogenesis of inflammation-associated neurodegeneration ([@b80-molce-40-5-315]). As further efforts are made to detect novel mutations and single nucleotide polymorphisms in the human IPMK gene and as more comprehensive analyses are made of conditional knockout mouse models, all of the many in vivo functions of IPMK will become more clear. We fully expect the resulting understanding of IPMK's multifunctional regulation of cellular signaling will direct the development of future therapeutics aimed at alleviating a broad range of ailments.
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![Versatile signaling actions of mammalian IPMK.\
As a PI3-kinase, IPMK activates Akt signaling. Water-soluble, inositol phosphates produced from IPMK such as Ins(1,4,5,6)P~4~ appears essential for class I HDAC function. Independent of its catalytic activity, IPMK directly binds to various cytosolic signaling factors, thereby regulating multiple signaling networks. Inside the nucleus, IPMK is a key node of molecular events (e.g., selective mRNA export, transcription). It acts as a transcription coactivator via forming complexes with transcription factors as well as epigenetic regulators. See main text for further details. Blue lines indicate catalytic activity-dependent IPMK actions. Red lines designate IPMK-binding partners which are non-catalytically regulated by IPMK.](molce-40-5-315f2){#f2-molce-40-5-315}
